Tc1, interleukin (IL)-4 producing Tc2, and IL-17-producing Tc17 cells, defined by selected sets of cytokines and transcription factors production. [9] [10] [11] Studies have shown that most CD8
+ T-cells isolated from the lung parenchyma of COPD patients are IFN-γ-producing Tc1 cells, exhibiting greater cytotoxicity compared with Tc2 cells. [12, 13] Compared to Tc1 cells, Tc17 cells exhibit strikingly suppressed cytotoxic activity by secreting low levels of the cytotoxic T lymphocytes markers: T-bet, IFN-γ, perforin, and granzyme B. [14] Tc17 cells are shown to share some phenotypical properties with Th17, including retinoic acid receptor-related orphan receptor γt, CCR6, and IL-23R, and express tumor necrosis factor-α (TNF-α), IL-21, and IL-22. [15, 16] Recent studies, however, have revealed that Tc17 cells are increased in several autoimmune diseases, such as rheumatoid arthritis (RA), multiple sclerosis, psoriasis, and are implicated in the pathogenesis of these diseases. [17] [18] [19] Tc17 cells possess a high plasticity and can convert to IL-17/ IFN-γ-double producing cells (Tc17/IFN-γ cells) permitted by IL-12 signaling, with distinct properties from Tc1 lineage. [20] Tc17/IFN-γ cells are highly cytotoxic and exhibit strong antitumor activity in vitro and in vivo. Interestingly, this unique subpopulation of Tc17 was found implicated in various inflammatory conditions in both humans and mice. [20] [21] [22] [23] [24] [25] [26] Previous studies reported that IL-17A and IL-17F expressions by CD8
+ T-cells were increased in the airways of COPD patients. [27, 28] However, little is known about the frequency of circulating Tc17 cells, particularly Tc17/IFN-γ cells and their associations with disease progression in COPD. Given that COPD is a lung disease with significant extrapulmonary effects, exploring the differentiation of peripheral CD8 + T-cells, particularly the newly recognized Tc17 cells, may provide revealing evidence for the understanding of the mechanisms underlying systemic inflammation of the disease. Therefore, we assessed the signature cytokine IL-17 and IFN-γ expressions by CD8 + T lymphocyte in peripheral blood from patients with COPD and analyzed the difference in the plasticity between Tc17 cells and Th17 cells. The cytokines believed to favor Tc17/IFN-γ differentiation were measured in plasma from the study subjects. Our results revealed higher proportions of Tc17 cells and Tc17/IFN-γ cells in peripheral blood from COPD patients, which could be explained by increased concentrations of IL-6, transforming growth factor β1 (TGF-β1) and IL-12. Importantly, the percentages of Tc17 cells and Tc17/IFN-γ cells were correlated negatively with forced expiratory volume in 1 s (FEV 1 ) % predicted. These results indicate that more studies are warranted to reveal the potential involvement of Tc17/IFN-γ cells in the pathogenesis of COPD.
Methods

Study subjects
Twenty-five male patients with COPD, all current or former smokers, were recruited for the study in the Beijing Tongren Hospital, Capital Medical University, China. Twenty-three smokers and 15 never-smokers with normal lung function were also included. The diagnosis of COPD was made according to clinical symptoms, a history of tobacco smoking, and impaired pulmonary function (postbronchodilator FEV 1 /forced vital capacity <70%), according to the diagnostic criteria of the Global Initiative for Chronic Obstructive Lung Disease (2013).
[1] All subjects with COPD were clinically stable and had not suffered any exacerbations for ≥3 months prior to enrollment. Smokers with normal lung function (FEV 1 >80% predicted) had a smoking history of ≥20 pack-years. Individuals with asthma, restrictive lung diseases, lung surgery, other chronic systemic inflammatory diseases, such as RA, type 1 diabetes mellitus, and inflammatory bowel disease, were excluded. The demographic and baseline clinical characteristics of the study participants are summarized in Table 1 .
The study was approved by the local research ethics committee (TRECKT 2008-14) . Written informed consent was obtained from all subjects.
Cell collection and flow cytometry
Peripheral blood samples were collected into ethylenediaminetetraacetic acid-treated tubes by venipuncture from the subjects after an 8-h fasting and were layered on the Ficoll-Paque Plus solution (Amersham Biosciences, Amersham, Bucks, UK) in a centrifuge tube, centrifuged at 400 × g for 20 min at 21°C, and peripheral blood mononuclear cells (PBMCs) were harvested. Then, divalent cation-free Hanks balanced salt solution was used for washing of cells at 300 × g for 5 min at 4°C. PBMCs were resuspended at 10 6 cells/ml in RPMI-1640 medium and prepared for the following procedures.
Freshly processed human PBMCs were stimulated with 50 ng/ml of phorbol 12-myristate 13-acetate and 500 ng/ml of ionomycin in the presence of 5 µg/ml brefeldin A for 5 h at 37°C as described by others. [29] The cells were harvested and stained with anti-hCD4-PE (BD Biosciences, San Jose, California, USA) and anti-hCD8-Percp (BD Biosciences) for 30 min at room temperature, followed by staining with anti-hIL-17A-FITC (eBioscience, San Diego, California, USA) and anti-hIFN-γ-APC (eBioscience) after fixation and permeabilization. CD8 + subpopulations were determined using FACS-Calibur (BD Biosciences). A total of 1 × 10 5 events were collected for each subject and data were analyzed by FlowJo software (Tree Star, Ashland, OR, USA).
Cytokine enzyme-linked immunosorbent assay
The concentrations of IL-6, IL-12, and TGF-β1 in the plasma from the study subjects were measured by enzyme-linked immunosorbent assay (ELISA, eBioscience, San Diego, CA, USA) according to the manufacturer's recommendations with the sensitivity of 2 pg/ml, 2.1 pg/ml, and 8.6 pg/ml, respectively.
Statistical analysis
Group data were depicted as a mean and standard error of the mean or median and interquartile range when appropriate. Comparisons of three groups were performed using one-way analysis of variance (ANOVA) for group data distributed normally, and when the test detected statistical significance, post hoc analysis between two groups was performed by the use of the Tukey test. The correlation was analyzed using Pearson's rank correlation coefficients. A P value < 0.05 was considered statistically significant. All analyses were performed by Prism 5.02 (GraphPad, La Jolla, CA, USA) and SPSS for Windows standard version released 17.0 (SPSS Inc, Chicago, Illinois, USA).
results
The frequency of Tc1 cells and Tc17 cells is increased in chronic obstructive pulmonary disease patients
We first examined the frequencies of IFN-γ-producing CD8 + T-cells in peripheral blood from the study subjects using flow cytometry. There was a higher proportion of Tc1 cells in circulating CD8
+ T-cells in COPD patients (median, 68.50%) compared with smokers (median, 56.60%, P < 0.05) and never-smokers (median, 47.20%, P < 0.001), and there was a trend for increase in smokers compared with never-smokers [ Figure 1a and 1c]. The percentage of Tc17 cells in total circulating CD8 + T lymphocytes was increased in patients with COPD (median, 0.562%) compared with smokers (median, 0.434%, P < 0.01) and never-smokers (median, 0.33%, P < 0.001) [ Figure 1b and 1d]. The frequency of dual-positive Tc17/interferon-γ cells is increased in chronic obstructive pulmonary disease patients
In patients with COPD, a significantly higher percentage of Tc17/IFN-γ cells among CD8 + T-cells (median, 0.268%) in the peripheral blood was found as compared to smokers (median, 0.128%, P < 0.001) and never-smokers (median, 0.074%, P < 0.001) [ Figure 2a and 2c]. Furthermore, a significantly higher percentage of Tc17/IFN-γ cells among Tc17 cells was seen in patients with COPD [median, 48.09%; Figure 2b ] compared with smokers [median, 31.25%, P < 0.001; Figure 2b ] and never-smokers [median, 26.67%, P < 0.001; Figure 2b ], which indicated increased differentiation of Tc17 cells to Tc17/IFN-γ cells in COPD.
Plasticity of Tc17 cells is higher than that of Th17 cells in chronic obstructive pulmonary disease patients
As demonstrated previously, similar to Th17 cells, the Tc17 phenotype was unstable. Tc17 cell plasticity (converting to Tc17/IFN-γ cells), driven by the inflammatory milieu, especially by IL-12, [22, 28] is higher than Th17 plasticity.
[10] Therefore, we investigated whether the plasticity of Tc17 cells was also higher in patients with COPD [ Figure 3a ]. As shown in Figure 3b , the frequency of Tc17/IFN-γ cells (median, 48.09%) in Tc17 cells was significantly higher than the frequency of Th17/Th1 cells (median, 15.44%, P < 0.001) in Th17 cells in COPD patients, indicating that Tc17 plasticity was greater than Th17 plasticity in COPD. Consistent with previous studies [10] similar results were also seen in both smokers and never-smokers (data not shown).
Increased expression of dual-positive Tc17/interferon-γ cells is inversely correlated with forced expiratory volume in 1 s
The increased percentage of Tc17 cells among CD8 + T-cells in peripheral blood from COPD patients was inversely correlated with FEV 1 % predicted values [r = −0.418, P = 0.03; Figure 4a ]. More importantly, the higher frequency of Tc17/IFN-γ cells among CD8
+ T-cells in peripheral blood from COPD patients was also inversely correlated with FEV 1 % predicted values [r = −0.596, P = 0.002; Figure 4b ].
The concentrations of interleukin-6, transforming growth factor-β1, and interleukin-12 are increased in chronic obstructive pulmonary disease
We next examined the concentrations of plasma cytokines believed to drive Tc17/IFN-γ cell differentiation. The concentrations of IL-6, TGF-β1, and IL-12 were significantly higher in plasma from patients with COPD compared with smokers and never-smokers [P < 0.01, Figure 5a -5c]. These suggest that the Tc17 plasticity in COPD may be driven by the inflammatory environment of the disease. + T-cells were increased in COPD while others found no differences in COPD patients compared with healthy subjects. [30] [31] [32] While these discrepancies might be due to the heterogeneous nature of the disease and different patient populations enrolled, however, functional plasticity and phenotype heterogeneity of CD8
+ T-cells are likely to be implicated.
Following the identification of an IL-17-producing subset within CD8 + T-cells, studies have demonstrated that the so-called Tc17 cells are involved in a wide spectrum of immune diseases. [17] [18] [19] 21, [23] [24] [25] [26] [27] [28] More recent evidence confirmed that the Tc17 lineage possessed a late developmental plasticity, that is, converting to Tc17/IFN-γ cells, in response to inflammatory signals. [20, 22, 26, 33] As COPD is a lung disease with significant systemic inflammation, it is likely that circulating CD8
+ T-cells and/or their subpopulations are implicated in these pathogenic processes. We therefore hypothesized that Tc17 cells in COPD might show high plasticity and differentiate more to Tc17/IFN-γ cells, which, unlike Tc17 cells in general, are highly toxic, a property similar to Tc1 cells. We demonstrated here that the proportions of Tc17 cells, and more importantly, the multifunctional subpopulation Tc17/IFN-γ cells, were significantly increased in the peripheral blood of patients with COPD, and both were correlated negatively with FEV 1 , a hallmark of severity of the disease.
Our findings of a higher proportion of Tc1 cells in peripheral blood from COPD patients compared with smokers and never-smokers are consistent with previous reports.
[ 31, 34] But our result of increased percentage of Tc17 cells in peripheral blood from patients with COPD was different from the study by Paats et al., who had found that the proportion of IL-17A positive CD8
+ T-cells was negligible in the peripheral blood, and no difference existed between COPD patients and healthy controls. [31] This discrepancy may be due to differences in disease severity (our patients had a higher mean FEV 1 ) and gender of the patients (our patients were all males). Moreover, we showed that the elevated frequency of circulating Tc17 cells was correlated significantly with COPD severity, suggesting that these cells may be involved in the pathogenesis of COPD. This is supported by animal studies demonstrating that the number of Tc17 cells was significantly increased in lungs of cigarette smoke-exposed mice, even after smoking cessation, and was correlated with lung emphysematous lesions. [31, 35, 36] As mentioned earlier, Tc17 cells are far less cytotoxic as compared to Tc1 cells, and then by what mechanisms they may be pathogenic in COPD? As a novel subset of Tc17 cells, Tc17/IFN-γ cells are capable of acquiring strong cytotoxic function similar to Tc1 cells and expressing pro-inflammatory cytokines similar to their Th17/Th1 counterparts and therefore are believed to augment the pathogenic capability of Tc17 cells and promote exacerbation of a variety of autoimmune diseases. [20, 22, [24] [25] [26] [37] [38] [39] [40] Saxena et al. revealed that Tc17/ IFN-γ cells might be indispensable for the aggravation of diabetes by direct cytotoxicity on the β-islet cells and expressing pro-inflammatory cytokines apart from IFN-γ in an experimental model of autoimmune diabetes. [24] Tajima et al. reported that Tc17/IFN-γ cells were rapidly generated in mesenteric lymph nodes, and IL-17 acted synergistically with IFN-γ to recruit effector CD8
+ T-cells and other inflammatory cells to colon tissues in a colitis model. [25] Here, we demonstrated for the first time to our knowledge that the percentages of Tc17/IFN-γ cells among CD8 + T cells and Tc17 cells were significantly higher in peripheral blood from patients with COPD and correlated with FEV 1 , suggesting that circulating Tc17/IFN-γ cells might be involved in persistent inflammation and loss of lung function in COPD. In addition, we found that Tc17 cells exhibited higher developmental plasticity than Since Tc17 plasticity is driven by inflammatory conditions, we supposed that the higher Tc17 plasticity was related to the systemic inflammation in COPD. Previous studies showed that in the presence of IL-6 and TGF-β1, human naïve CD8 + T-cells acquired the Tc17 phenotype, and IL-12 was able to permit Tc17 cells to acquire the potential to produce IFN-γ, thus differentiating to Tc17/IFN-γ cells. [20, 29, 33] In the current study, we found increased concentrations of IL-6 and TGF-β1 in the plasma from patients of COPD. More importantly, consistent with other studies, the concentration of IL-12 was higher in patients with COPD as compared to the controls. [41, 42] These results indicate that further studies are needed to explore the mechanisms by which these cytokines induce Tc17 plasticity in COPD.
Our study has several limitations. First, we did not examine the frequency of Tc17 and Tc17/IFN-γ cells in the lungs, for example, in bronchoalveolar lavage, which may be more relevant to airway diseases of COPD; hence, further investigations to this issue are needed. Second, we have only shown increased plasma levels of IL-6, TGF-β1, and IL-12 in COPD; whether and by what mechanism these cytokines promote Tc17 plasticity is still speculative. Third, some of our patients had used inhaled corticosteroids, and therefore the possibility of an effect of this medication on our results cannot be excluded, although Paats et al. found no effect of inhaled corticosteroids on peripheral CD8
+ T-cells in COPD. [31] In summary, this study provides a comprehensive analysis of circulating CD8 + T-cells and their subpopulations in COPD, with a novel finding that the circulating Tc17/IFN-γ cells, in addition to Tc17 cells, are significantly increased and correlated to the severity of disease, suggesting that these cells may be involved in the pathogenesis of COPD. Further studies are needed to elucidate the underlying mechanisms of CD8 + T-cell heterogeneity and Tc17 cell plasticity in COPD, which may shed new light on the understanding of local and systemic inflammation characteristic of the disease. 
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